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Abstract. In recent years, there has been an increasing interest in the recovery of the waste heat of steel and
glass processes. This work proposes a numerical study of a waste heat exchanger system for steel production
processes. The radiative energy is transferred to a commercial oil, which can be used to produce electricity.
The behavior of the recuperator is analysed using a 3D numerical model, considering the constrains of a real
production plant. The influence of the radiation properties of the materials on the temperature and heat transfer
rate are also examined. The results show that the absorptivity of the tubes influences significantly the absorbed
waste heat. Furthermore, heterogeneous mass flow distribution should be applied to optimize the total heat

transfer rate.

NOMENCLATURE

A: Surface area

¢p : Specific heat (J kg K

F: View factor

g : Gravity acceleration (m s%)

h: Specific enthalpy (J kg K')

h : Convection coefficient (W m2 K)
I: Radiation intensity

k : Thermal conductivity (J s! m! K!)
n: Refractive index
p: Pressure (Pa)

t: Time (s)

7 : Position vector

s : Position vector

5" Scattering direction vector

T: Temperature (K)

Vv : Velocity vector (m s™!)

X, y, Z : Direction vectors

Greek symbols

o : Absorptivity

0. Visibility

& Emissivity

K : Absorption coefficient (m™!
4 : Dynamic viscosity (kg m! s
p: Density (kg m™)

p’ : Reflectivity

¢: Phase function

¢ Angle between surfaces

’: Solid angel

oy : Scattering coefficient

o Stefan-Boltzmann constant (5.669x10~° Wm>K™)

Subscripts
in: Inlet

Abbreviations

S2S: Surface to surface
CFD: Computational fluid dynamics

1 INTRODUCTION

As a result of the changes of environmental policies, such
as H2020 in Europe, there has been an increasing interest
in waste heat recovery in recent years. According to
Kesicki et al. [1], the industry sector needs a third part of
the total energy consumption of the world. Furthermore,
it is one of the most interesting sector to recover the waste
heat because of its high Carnot potential [2]. Particularly,
the waste heat of iron and steel making processes present
a great opportunity for energy use. On the one hand, it is
the largest energy consuming industrial process [3]; it can
be reach 4-5% of the total world energy consumption [4].
On the other hand, the exhaust gas temperature can reach
1450-1500°C [5].

A considerable amount of literature has been
published on the waste heat recovery in iron and steel
industries. Villar er al. [6] examined the state of art of
waste heat recovery technologies of 5 representative
sectors in continuous industrial processes. They presented
a case study made in the steel sector, achieving emissions
reductions greater than 85. Most of the subsequence
studies have been focused on the recovery of molten slags.
Zhang et al. [4] made a review of technologies to recover
waste heat of molten slags in the steel industry. They
focused on dry granulation methods, suggesting some
technical difficulties to be considered. In the same vein,
Liu ef al. [7] developed a gravity bed waste heat boiler to
recover the heat of high-temperature slag particles. They
analysed the influence of different design parameters on
the efficiency of the boiler, such as Reynolds number and
particle dimensions, getting efficiencies greater than 90%.
Gutiérrez et al. [8] designed an innovative prototype to
capture the waste heat of steel slags, principally by
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conduction, using molten salts to recover it. Originally,
they studied the influence of design parameters on the
performance of the recuperator using CFD numerical
models. Their results showed an efficiency around 92% Tubes
and they suggested the optimum length for the recuperator
to employ in a Rankine cycle. Furthermore, [3] designed
a flat heat pipe heat exchanger to recover the heat by
radiation and convection from steel industry. They carried
out experimental tests showing that the proposed
technology could be a promising technology to recover
the waste heat in applications with hot source
temperatures higher than 450°C.

This work shows a 3D numerical study to analyse the
behaviour of the recuperator for steel processes. After
ensuring the mesh independency, the influence of the
absorptivity of the tubes is studied. Furthermore, the total
heat transfer and the oil temperature jump inside the tubes
for the proposed design are analysed.

Fig. 2: Isometric view of the recuperator

2 ANALYSIS AND MODELING

2.1. Computational domain, boundary conditions

and mesh Symmetry

Fig. 1 shows the scheme of the recuperator, Fig. 2 the

isometric view of the domain, and Fig. 3 the mesh of the

model. The model was built considering the constrains

and dimensions of a real steel making plant, namely

SIDENOR. The model considered the minimum safety 4|

length from the steel bloom in both horizontal and vertical -

directions. In order to reduce the number of elements, one

meter (z direction) of the whole recupe'rator was queled. Fig. 3: Mesh of the model

Moreover, symmetry boundary condition was considered

in the centre plane of the x direction. The domain COnSiSted Ofa h()t Steel blOOm, Surrounded by

65 tubes and the cover, all of them made by stainless steel,

25 30 33 30 25 which gave the shape of a tunnel. The bloom had a

transversal area of 320x220 mm? and it entered into the
domain (z-) at T, = 1000 °C and vpioom 1.2 m/min. The
bottom (z-) and backside (z+) faces of the bloom were
considered as adiabatic faces. The emissivity of the faces
[ 15 of the bloom was considered as &ioom = 0.82.

000000000000000000000

20 23,81 {(1,25x ) 20
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lofo 102 10 that flows through the interior of the tubes. The external

diameter and thickness of the tubes were 19.05 mm and 2
mm, respectively and the intertube spacing was 23.81 mm
(1.25 times the external diameter). In this study, the effect
of the absorptivity of the tubes was studied. When the
1 surface is considered grey and opaque, absorptivity is
equal to emissivity [9]. Thus, two different emissivities of
the surface of the tubes were analysed, which were the
original emissivity, &uwe = 0.8, and the emissivity of the
surface treatment (&uwe = 0.97). The interior faces of the
tubes were set as the Newton boundary condition. The
selected oil was Syltherm 800, from Dow chemical
company. The convection coefficient was calculated
using  Dittus—Boelter equation [10], which was
h,=1317 Wm K™'. The temperature of the oil was

considered T,y = 360°C.
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Fig. 1: Scheme of the recuperator
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In contrast, the objective of the cover was to reflect the
amount of the radiation heat lost through the gaps between
the tubes. The material of the sheet was stainless steel and
it had a thickness of 5 mm. In the model, it was considered
as an adiabatic wall, with € = 0.8.

The most of the domain was meshed with structured
elements. Just in the zone close to the tubes unstructured
mesh was employed (Fig. 3). In addition, in this zone the
grid was refined to properly capture de natural
convection. As a result of the symmetry condition, the
mesh only considered the half of the whole tubes, that is
to say, 33 tubes.

Table 1. Material properties and working conditions

Bloom inlet temperature, Ti, (°C) 1000
Bloom surface emissivity, &ioom 0.82
Bloom thermal conductivity, kbioom 27
(Wm'K")

Vbloom, (M/Min) 1.6
Tube surface emissivity, &ube 0.8-0.97
Tube thermal conductivity, kwpe 27
Syltherm oil temperature, Toii (°C) 360°C
Syltherm oil convection coefficient, /o 1317
(W-m? K™

Sheet surface emissivity &peet 0.8
Sheet thermal conductivity Ksheet 27

The faces between the bloom and the tubes in both
inlet, outlet and bottom parts, were set as pressure inlet
boundary conditions with =1 and 7'=27°C.

2.2 Governing equations

The software Ansys Fluent 19.0 was used to solve the
governing equations. This software is based on the finite
volume method. The solved continuity, momentum and
energy equations were:

op -

—+V =0 1
= tV(pY) (1
o, . . - ~
5(pv)+V(pvv)=—Vp+V(,qu)+pg )
%(pcpT)+V(p§cpT):V(kVT) 3)

The radiative heat transfer plays a great role on the
heat captured by the recuperator. The radiative heat
transfer equation for an absorbing, emitting and scattering
medium at position 7 and in the direction §is [11]:

Particularly, the S2S model was used to account the
radiation exchange. This model assumes that any
radiation is not absorbed by the fluid and that the surface
is gray and diffuse. Moreover, according to Kirchoftf’s
law, the absorptivity is equal to emissivity (a = &) [9]. As
in the case the present study all the solids can be
considered opaque, the transmissivity can be neglected,
giving: o =1—p'. Thus, the amount of energy upon a

surface from another surface only depends on their size,
separation distance and orientation, called the view factor.
The view factor is the fraction of energy leaving the
surface that is incident in the other surface, and between
two finite surfaces i and j is given by:

1 cos ¢, cos b,
Fij= Z,£ /_! 7 %idAd4 Q)
3 RESULTS AND DISCUSSION
First, to check the influence of the mesh, the

independence of the mesh is presented. Once, the mesh
independency is verified, the influence of the absorptivity
of the tubes on the heat transfer rate is evaluated. Finally,
the results of the local heat transfer rate of the tubes and
the temperature jump of each tube are analysed.

3.1 Mesh independence

To ensure the mesh independency, the total heat transfer
rate of the tubes were studied for 8 different grids. Fig.
4Erreur ! Source du renvoi introuvable. shows the total
heat transfer rate (grey colour) and the difference (black
colour) for the different grids. The error was calculated
respect to the case Smm-1mm. Smm-1mm means that the
maximum element size near the tubes is Imm, whereas in
the rest of the domain is Smm. The selected grid was
10mm-Imm.
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Fig. 4: Total heat transfer rate (grey) and the error between
different grids (red)

3.2 Influence of the absorptivity of the tubes

In the literature there are different surface treatments to
increase the absorptivity of stainless steel tubes at high
temperatures [12]. However, this would also increase the
cost of the products and it is essential to evaluate its
influence. Fig. 5 shows the total heat transfer and
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radiation heat transfer rate for untreated (grey) and treated
(black) tubes. The results reveal there is an increase of
almost 9% in the total heat transfer rate when the tubes are
treated, as a result of the growth in the radiation exchange.
In contrast, the convection mechanism cools the tubes.
Therefore, the tubes should be treated to increase the
efficiency of the recuperator and the results shown the
following sections have been obtained with treated tubes.

5 x10*

[ Without surface treatment (

Ctube 08
I Vith surface treatment (¢, = 0.97)

Heat Transfer rate (W)

Total heat transfer rate (W)

Radiation heat transfer rate (W)

Fig. 5: Total and radiation heat transfer rate for tubes
without (grey) and with (black) surface treatment

3.3 Local heat transfer rate

The study of the heterogeneities in the local heat transfer
of the tubes as a result of differences on the view factor is
essential for designing a safety recuperator. This
dissimilitude grows the risk of achieving temperatures
higher than the maximum recommended temperature, that
is T = 400°C. Fig. 6 shows the local heat flux transferred
from the bloom to the oil of the half model.

Wall Local Heat Flux (Wm*-2)
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Fig. 6: Local wall heat flux of the tubes.

There are great differences in the total local wall heat
flux between tubes. Because of the direct irradiation from
the bloom, the heat transfer rate is much higher at the
bottom part of the tubes. Furthermore, there is a difference
of an order of magnitude between zones in this part. The
maximum values are located in the centre of the tubes 4-
8 and 28-31. These dissimilarities could rise mechanical
tensions along the tubes.

3.4 Total temperature jump of tubes

Considering the amount of the total heat transferred to
each tube and the mass flow rate and properties of the oil
Syltherm 800, the temperature jump of the fluid per one-
meter length can be calculated for each tube. Fig. 7 shows
the temperature jump for the tubes 2-32. The maximum
temperature rise takes place in the tube number 6, almost
3°C, whereas the minimum jump is in the tube number 21.
Interestingly, this tube is located near the corner and the
temperature jump is proximate to 1°C. As 7' =400°C is
the constraining factor, it has to be ensured that the
temperature of the oil never reaches this value. With a
homogeneous mass flow rate, the outlet temperature in the
other tubes would be far of this value. Therefore, the non-
homogeneous distribution of the mass flow rate should be
considered for future designs.

5 T

Temperature jump (°C)

15 25 30
Tube number

Fig. 7: Temperature jump of the oil in each tube

4. CONCLUSIONS

In this work the behaviour of a waste heat recuperator for
steel making processes under real conditions was
analysed. The results showed the absorptivity of the
surface of the tubes had a great influence on the recovered
heat and it should be applied. In addition, there were great
differences on the local heat transfer rate between
different parts of the recuperator. This differences lead to
dissimilarities in the temperature jump of each tube.
These should be considered to design secure and efficient
recuperators, that is, for not exceeding the maximum
temperature in any zone and for achieve the same
temperature in the outlet of the tubes. Otherwise, the
maximum temperature of the fluids could achieve, or the
efficiency could decrease considerably. For all these
reasons, mass flow rate heterogeneous distribution
between tubes should be considered to optimize the
design of this kind of recuperators.
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